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NADU o.m..o..r^ro6.c^.^Laciococcusl..^^^^^^ : 
nox.2 gene, which encodes .he H.O-formlng NADU °" '^^ ^ ""^^^^u^ Kold overproducUon of 

of iheV lacHs nisA promoter. This engineered ^y*'^"^ V" „^ ^^"^^^ ^ndltlo^s. Deliberate 

. NADU oxidase at pll 7.0. rcsuUing In decreas.^ ,'^f,?21'^„™ Uc.icl mU^^ -"^8 
variations on NADH oxidase acvlty .pr«voked a h J ^l^^;^"^^^'^^^^,"^^^^ ,evel of NADU oxidase 
aerobic glucose caubolism. The magnitude ofthis shift . required to optimize NADH 

overproduced. At an Initial ^--iP^-fJ^^;- r^^^^^ tlni at pH 7.0. 

oxidase overproduction, but ma-xtmum NADH "'''7*' * !^ ^ere almost identical at b«th 

Nonetheless at the highest Induction evels. levels of P^^^.^'^f^^^; synthase Instead of 

initial pH values. Pj mvate was "«>« > "I » H^Ttltion thS P^vau dehydrogenase. The activity 

lactate and was not converted ^ncrTaseT^ h exoeTn^^ flavta adenine dinttcleotidc. 

of the overproduced NADH oxidase could «>*J""J^«'^ ^"^^ absen " LacUte dehydrogenase i*mained active 

In ihc cells/ 



Lactococais lactis strains are used worldwide m the manu-. 
faciure of dain/ products and have the potential to produce a 
variety of end metabolites during sugar fermentation (8). Some 
of these compounds, such as diacetyl. acetaldehyde, or extra- 
cellular exopolysaccharidcs, have a great economic imporlaocc 
because of their contribution to Havoror texture development. 
However product fonnation from sugars m L lactis is gener- 
ally horaolaclic. Metabolic shifts leading to end products other 
than lactate, the so-called mixed-acid. fermentation, have been 
observed under certain fermentation conditions, such as utili- 
zation of galactose as the sole carbon and energy source (JJ). 
carbohydrate limitation (27), or aerobic conditions (1, 5). It 
has recently been pointed out that diminished rales of sugar. 
mciaboHsm led lo shifts from homolactic to mixcd-acid fer- 
mentation, while rapid flux through the central pathways re- 
sulted in homolactic fermentation (4.9. 11). In apparent con- 
ira^t shifts towards mixcd-acid fermentation have also been 
obse'rved at high imposed glycolytic fluxes during metabolism, 
under aerobic conditions (19). The direct oxidation of the 
NADH nccbssary for pyruvalc reduction resulted in a dimin- 
ishcd nux towards lactate via LDH. The ratio of NAi:). to 
N AOI I used as an indicator of the redox slate of ihc eel s, was 
directly affected, al the expense of oxygen, by the NyXDH 
oxidase activity, which mainly determined the observed shiU. 
Tliis enzyme activity was found to be induced in L. lactis under 
conditions that showed the most pronounced shifl.s, such as a 
high dilulion rate and low pH values. . , i - 

Recently it has been shown that sugar metabolism in L. lactis 
also may be manipulated by using metabolic engineering at the 
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level of the central intermediate pyruvate (8. 22). Different 
levels of nux redistribution have been obtained dependmg on 
the engineered branchpoim of the network. However a com- 
bination of several strategies, i.e., overproduction of ^^acetO' 
lactate synthase (ALS) in an L. lactis stram deficient m LDH, 
have rendered larger pyruvate flux redistribution than single 
modifications Of one enzyme's activity (22). Tlus appears to be 
a common feature in modifying metabolic networks: large ef- . 
fects on flux redistribution are obtained when morc lhan one 
enzyme is engineered (21). j a. _^,,^w^l;r' 

In this paper, we describe a new strategy to modify met aboUc 
flux in L lactis, by using metabolic engineering on the level of 
NADH oxidation. This modification was performed by con- 
trolled overproduction of NADH oxidase activity. To the besl 
of our knowledge, this is the first report of manipulation of the . 
level of a key cofactor which is shared by sever a enzymes 
involved in the metabolism. We have constructed N.ADH ox- 
idase-overproducing L. lactis .strains based on a ^^^^-'^j >' 
oped nisin-inducible expression (NICE) ^V^^^"^ ,(^^ ^^)^PV*»»^- 
erate variations of NADH oxidation levels could be obtained ' 
in these strains by fine tuning of NADH oxidase overexprcs- 
sion in such a way that the shift from homolactic to mixe<l-acid 
femicntation could be controlled by the addition of subinhibi- 
• lory amounts of nisin. The results presented here extend our 
insight in the key role of redox balance on pyruvate metabolism 
and also descTibe the application of cofactor cngmcenng for 
the overproduction of diacetyl, an industrially relevant mciab- 
olitc. 

MATERIA^; AND METnOO.S 

MetlU and culliv.«ion conditions ^^^'fr;^;''''?'!"^' L^^^^lToi^ 

were fouiincly gfo^-u at 3(rC in M17 broih (26) {Diftx> L^*>^'«»o"«' DfitiotU 
Mkrh Tcon J^i^ink 0 25% (wWol) gJucosc (CMl 7). WTicn needed, HCl w.is used 
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performed in duplicate in 500-ml Aa^s conLatniog fresh GM17 medium (2n ml) 
wiih .\h:iking in a G76 waicr halh (New Rrunswkk Scientific. Fdison. N.J.) at 250 
rpm. The medium wax supplemented with chloramphenicol (5 ml~*) and. if 
ai^roprbic, flavin adcnioe diiiuclcoiidc (FAD f2 ml"')). For conlrullcd 
cq>rc53;ion of NADH cixid;c'e, nUin (0.1 lo t.6 I' rrl"*). purif:ci< from a c;udc 
hatch (K5764; Sigrna. ZwijoJrechl, The Netherlands) cooiainini; 2-.^% nisin A. 
was freshly supplemented to the medium at the slari of fcrmcnUtu'on. 

Ptasmid coRstrecllons and strains used. The Snrptccoccus muians nojr-2 gene, 
encoding a water-forming NAOH oxidav, was previously identified and cloned 
on a plasmid designated pSSU6! (20). The nm-2 gene was amplified Ky PCR 
with Taq polymerase (Cihco-BRl^ Breda, The Netherlands) with pSSl»6l as a 
template and Ihe primers P6 (5'-A T ACCATCC CGTTTCAACCTCATGrTA> 
3') and PS (5'- ATA G AGCTCT TTTCACTGTTTCATTCATAAO 'V which are 
based on the sequence published prcvioosly (20) aod are designed to introduce 
Bam}l\ and Sst^ restriction sites (underlined in the primer sequences) upslreajn 
and dowoslrcam of the noi-Z crxling region, re^wciively. A PCR product with 
the expected size (1,467 bp aooordiog to the seqaence previously puhlbhed [20]) 
wsa obtained and cloned as a Bam\\\'Ssi\ fragment into (he similarly digested. 
' high-copy-numhcr' (*50) shuttle vector pNZ8O20 under control of the /iu>4 
promoter, with Escherichia colt MC1061 as a ho«t (6. 7. 16, 22). Subsequently, the 
resulting plasoud, designated pNZ260Q, was inlxoduoed in /_ !actis NZ9800 (17). 
which allcwed nisin-coatrolled oqsressibn of the nax-2 gene. Previously, it has 
been shewn thai this NICE system exhibits a linear dose-response relationship 
between the inducer (nisin) concentration aod the level of ocpressioQ of the gene 
cloned under tr:«ascriptiooa) control of the niiA pronvolcr (6. 7. 16). 

Analysis of growth aiMl fcrmcnlatiofi prodocts. Growth and gro«bth rate were 
determined by measbring the increase in optica] density at 600 nm (OD«ao). 
Acetate, formate, lactate.- ethaool, butanedioU and residual glucose were mea- 
sured by high-perforraince liquid chromatography (HPLC) as described previ- 
ously (15). The products a-acetobctate, aoetbin, and diacelyl were measured 
colorinietrically as described previously (15). 

Emyme' anal^fs. Cells from duplicate hotch cultures were harvested at the 
end of the stauonary growth phase (OD^ of 1.3). Cell extracts were prepared 
from the pellets with a bead beater (Biospec Products, Banlcsville, OkU.) as 
dctfcribcd previously (19). NADH oxitl.isc activity in cell extracts was assayed 
spoctrophotontetrical^ at 25*C in a total voluoie of I ml containing SO mM 
potastinm phosphate buffer (pH 7-0). 0.29 mM NADH and 0.3 mM EDTA The 
reaction was tottiated by the addition of a suitable amount of extract (0.5 to 5 U'l) 
and monitored by the decrease in Ay^^. A unit of enzyme was defined as the 
amount which cautlyzed the coddation of 1 jimol of NADH to NAD per min at 
. 25*C. L-I.DH activity was asaycd for the same extracts by the method of Hillier 
and Jago (12). Protein concentrations were determined accordug to the Brad- 
ford method (3) with bovine serum albumin as a standard. 

SD5J-PACE. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS- 
PAGf^) was used to visualize NADf I oxidace overproductioo in L lactis NZ9800. 
cells harboring pNZ2600 upon induction with different nisin concentrations, 
r . Bectrophorcsis was carried out at room temperature at 200 V for 1.5 h with a 
3,75% acryiaoudc stacking gel over a 7.5% aciylamtde resoKring gel (0.75 mm 
thick). A vertical electrophoresis apparatus (Mini-Protean II) and all electro- 
phoresis reagents were purchased from Bio-Rad (Veencndaal, The Nether- 
lands), except for prestained molecular mass standards (low range), which were 
purchased from G iba>-BRL (Breda, The Netherlands). Methods for casting gels, 
electrophoresis, preparing buffers, and staining proteins with Coomassie blue 
were performed as described in the manufacturer's recommendations (Bio-Rad). 

NAOn/NAD ratio. NADH aod NaD levels were measured as described pre- 
viously (23). Cells were cultivated in MI 7 medium with an initial pi I of 7.0, with 
and without 1.2 U of nisin per ml. aerobically and anaerobically and harvested in 
the 'early exponential phase.' 



RESULTS 

Cloning and overcxpression of 5. /nutans nox-l in L. tadis 
NZ9800. By using the previously described NIC7F syslem (16), 
ihc PCR-ampIified S. mutatis noxrZ gene was cloned in L. lactis 
NZ9800 (for detail, sec Malcrials and Meihods). Extracts from 
cells of strain NZ9800 harboring pNZ2600 and grown aerobi- 
cally at an initial pH of 7.0 were used to determine the specific 
activity of NADIT oxidase after induction with increasing con- 
centrations of nisin and in the absence of the inducer. Addition 
of 0.2 U of nisin ml*' increased NADT I oxidase activity up to 
3.23 mmot mg"* oiin"\ which is a 16-fold increase compared 
with the level in noninduced cells (Table 1). Overproduction of 
NADH oxidase was directly dependent on the amount of nisin 
added and reached its maximal value upon induction with 1.2 
U of nisin ml"' (Table 1). This.maxirnal activity was 150-fold 
higher than that found in noninduced cells. Surprisingly, 
NADIT oxidase activity decreased after nisin addition levels 



TABLE 1. Glucx>sc fcrmeniatii>n*p3(tem of L. lactis 
N29800(pN7.2600) at initbl gr«.>^lh pi I of 7.0 



Ami of nisin 


Final 


Ami of pioduci prtxluced 
<mM) 


Ami of NADH 
oocidaae overproduced 
(IVmg)- 


added (UVml) 


pH 


l^cLite 


AccLttc 


Acctoin or 
diacctyl 


0 


5.96 


21.1 


5.4 


Niy 


0.20 


0.2 


6.26 


17.8 


8.1 


2.7 


3.23 


0.4 


6.40 


110 


9.1 


4.8 


5.70 


0.8 


6.44 


8.6 


9.4 


6.8 


tl79 




6.44 


6.8 


8.3 


7.7 


16.58 


1.2 


6-46 


5.4 


8.4 


8J 


29.95 


1.4 


6.44 


6.9 


8.1 


7.6 


17.68 



'Overproduction of the hcterotogous H20-fonning ^fAOH oxidase. ai an 
initial growth pH of 7.0. 
* ND, not detected. 



higher than .1.2 U ml"', which could indicate the presence of 
a shutoff mechanism at high nisin concentrations. The ob- 
served results were highly reprodudble, as could be seen by the 
maximum of 10% difference in enzyme activity between ihe 
duplicate samples. Since diacetyl or acetoin production (via 
acetolactate) is optimal at pH 6.0 (24), similar gmwth experi- 
ments with L. lactis NZ9800 harboring pN22600 wctc per- 
formed at an initial growth pH of 6.0. Addition of only 0.1 U 
of nisin ml'^ rapidly induced an increase in NADH oxidase 
activity 40-foId higher than that observed in noninduced cells 
(Table 2). The highest activity reached at this initial pH was . 
70' fold higher than that found in noninduced controls but 
twofold lower than the highest value found at pH 7.0. The 
amount of nisin required to optimize overproduction at an 
initial pH of 6.0 was 0.4 U of nisin ml"\ which is threefold 
lower than that required to optimize overproduction at neutral 
pH. NADH oxidase activity declined when nisin was used at 
levels higher than 0.4 U mP \ indicative of the shuioff mech- 
anism described above, 

NADH oxida.<;e overproduction in extracts from L. lactis 
NZ9800 cells harboring pNZ2600 induced with different con- 
centrations of nisin was monitored by SDS-PAGE. As ex- 
pected, the 50-kDa 5. mutans oxidase was overproduced in 
lactis NZ9800 upon induction with nisin at concentrations be- 
tween 0.1 and 1.4 U ml ^ (Fig. 1). The relative amount of 
oxidase seen on the gels correlated well with ihc oxidase ac- 
tivity measured. AJso, the drop in activity was accompanied by 
a decrease in protein level as visualized by SDS-PACfH. This 
result strongly suggests that the observed decrease in activity is 
due to a progressive switching off of the nisA pmmofer-based 
system, raihisr .than an inactivation of the overproduced oxi- 
dase. . 



I 2 J 4 S 4 7 



] 14 5 4 7 
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FIG. I. SDS-PAGE of crude ext/acU f/om laaU NZ9800 harboring 
pNZ2600 and overproducing the heterologous H^O-forming NADH oxidase 
(NOX) at an initial growth pit of 6.0 (A) or 7.0 (B). (A) Lane 1. unihduccd cells; 
bnes 2 to 8, induction with 0.1. 0.2, 0.4, 0.8. I. 1.2. and 1.4 U of nisia ml"\ 
rc.<!pcciivcly. (B) Lane 1, niiinduccd oeDs; lanes 2 to 7, induction with 0.2.0.4, OA, 
I, 1.2, and 1.4 U of nisin ml**, respectively. A total of 7 J pi^ of protein was 
applied per well. 
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FIG. 2. Schcmaiic patfaway* of pyruvate metibolikm m L. lactu (A) and mod- 
ifKacion of ibe same pathway after optkmizatton of activity of tbe overproduced 
NADH oxidase with FAD (B). AI,D, acetolactatc decartoxybse. 



MeCab<>iic shifts induced by nisln-controlled NADH oxidase 
overproducilon In L. lactis NZ9800. Since NADH is ihe key 
cofactor in the carbon metabolism of L. luctis, metabolic en- 
gineering on the level of NADH oxidation should have a 
marked effect on end product formation. Figure 2 shows the 
different possibilities of pyruvate conversion that can be found 
in L. lactis. At the initial pH of 7.0, L. lactis NZ9800 harboring 
pNZ2600 prtxJuced mainly lactate under nonindiiction condl- 
lions (no nisin). However, when the heterologous NADH ox- 
idase overproduction was induced with nisin^ the metabolism 
of this strain progressively switched from homolactic to mixed- 
acid fermentation (Table 1). The magnitude of these shifts was 
directly dependent on the level of NADH oxidase overproduc- 
tion. The most pronounced shift from homolactic towards 
mixed-acid fermentation coincided with the maximum NADH 
oxidase overproduction (1.2 U of nisin mP ') (Table 1). Prod- 
ucts other than lactate amounted to 83% of the fermented 
glucose, with 28% of the pyruvate converted to acetate and 
55% converted to acetoin or diacetyl (Table 1). The measured 
concentrations of fermentation products were highly reproduc- 
ible in the duplicate samples, with maximum differences of only 
5% in the values. At an initial growth pH of 6.0, induction with 
only 0.1 U of nisin mr^ (Table 2) rapidly induced a high level 
of NAD?l oxidase overproduction, and a pronounced shift . 
towards mixed-acid fermentation was observed (Table 2). De- 
spite the lower NADH oxidase activity reached at the highest 
level of induction relative to the situation at pH 7.0. pyruvate 
flux redistribution was almost identical at bc^th initial pHs 
(Tables I and 2). Products other than lactate represented 85% 
of the fermented glucose, with 21% of the pyruvate converted 
to acetate and 64% converted I o acetoin or diacetyl (Tabic 2). 
NADH oxidase overproduction decreased at nisin induction 
levels higher than 1.2 U mP ' at pH 7.0 and 0.4 U ml~^ at pH 
6.0. Consequently, homolactic fermentation was gradually re- 
stored (Tables 1 and 2). Tliis was not a result of an effect on 
growth rales (0.69 at pH 7.0 and 0.79 at pll 6.0). which were 
identical under all nisin concentrations. LdH activities were 
measured and were very similar (8 U/mg) under all induction 
levels and conditions, indicating that the observed diminished 
Mux through IJDH was due to direct oxidation of NADH by 
NADH oxidase rather than an inactivation per se of LDH. 

NADII/NAD ratios. The cultures described in Tables 1 and 2 
could not be directly compared for . NADIi/N AD ratios be- 



J. BaCTERIOI^ 



TAHi.E 2. Glucose fermentation pafletn of I., lactis 
N/.9800(pN7.26nn) at ;r,:'::r • , f . n 



Amt of nisin 
added (IVml) 



Final pi I 



<mM) 



LacUlc Acetate 



Acetoin or 
diacciyl 



Ami of 
N.ADf I oxidase 
overproduced 



0 


5.0.% 


22^ 


4.8 


Niy- 


0.2! 


0.1 


5.64 


7.8 


.53 


7J> 


8.48 


0.2 


5.78 


5.2 


5.4 


8.2 


10.41 


0.4 


5.78 


4.3 


5.9 


8.8 


14J5 


0.8 


5,75 


5.0 


5.7 


8.5 


14.23 . 


1 


5.69 


5.9 


5.4 


7.6 


12.74 


1.2 


5.46 


10.8 


3.9 


5.3 


10.49 


.1.4 


5.22 


16.6 


3.4 


2.8 


4.64 



' Overproduction of the heterologous H/D-fonning NADH ooddase at 
initial growth pH of 6D. ' ■ 

" ND, not detected. * 



- cause of the large differences in culture pH, resulting in large 
variation in NADH levels (23). To avoid this prohlein, cells 
were cultivated in separate experimcrits* at initial pH 7.0, aer- 
obically and anaerobically, in the presence and absence of 1.2 
U of nisin per ml. The cultures were harvested in early expo- 
nential phase to avoid excessive acidification of the culture 
medium. Increased activity of NADH oxidation lead to clear 
changes in the NADH/NAD ratios in the L. lactis cell. Cells 
with induced high NADH oxidase activity (30 U/mg) were 
compared aerobically and anaerobically. NADH/'NAD ratios 
. in the cells dropped dramatically by switching from anaerobic 
to aerobic conditions, from 0.74 to 0.46. The anaerobic and 
aerobic cultures were harvested at comparable pH values (5.9 
and 6-1, respectively). In control experiments with cultures 
without induced high NADH oxidase activity, no changes in 
NADH/NAD ratios were observed when cuhures were switched 
from anaerobic to aerobic conditions (data not shown). 

Optimization of acetoin or diacetyl production from glucose 
by ftirther activation of NADH oxidase. To demonstrate the 
applicability of changing metabolic flux via cofactor engineer- 
ing, we tried to imjarove the production of diacetyl and acetoin 
via the a-ALS pathway. Under optimum NADH oxidase over- 
production conditions, 57% (Table 1) to 60% (Table 2) of the 
fermented glucose was converted into acetoin or diacetyl via 
a-AJ^. It seemed possible that the nisin-induced cells of L. 
lactis NZ9800 cells harboring pN72600 might lack endogenous 
FAD to fully satisfy the demand of this cofactor necessary for 
the activity of the overproduced NADH oxidase. In order to 
complement this lack, FAD was exogenously added to medium 
with an initial pH of 6.0, besides the nisin necessary for induc- 
tion. The fermentation results without added FAD were very 
similar to the results presented in Table 2, although NADH 
oxidase activities were lower and total fermentation products 
were higher due io unavoidable variations in medium prepa- 
ration and sterilization, resulting in slightly lower nisin concen- 
trations, slightly higher initial glucose concentrations, and 
slightly higher cell densities (data not shown). In the control 
experiments, it was shown that the addition of FAD had no 
effect on product formation in noninduced cultures (Table 3). 
The addition of FAD to the induced cultures resulted in in- 
creased activity of the overproduced NADH oxidase, and con- 
sequently, a more efficient pyruvate flux redistribution was 
observed compared to that in the same medium lacking FAD. 
Under these conditions, lactate production was abolished, and 
the pyruvate was not channeled via a-AI.^, instead, resulting in 
an incrcase ih acetoin or diacetyl production from 57 to 74% of 
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TABLE 3. Effect of exogcnously added FAD on the metabolism of 
L hctis NZ9S00(pN22600)* 



Product addcui^ 


Ptnal pH 


Ami of product produced 
(mM) 


Ami of NADM 
axida.se 


i^ct:.lc Acct:iu: 


overproduced 


Omirol wiih FAD 


4.94 


27.5 4.7 0.2 


0.31 


Crontral with nisin 




9.0 5.9 9.9 


8.29 


FAD 


5,65 


ND^ 6.8 11.7 


13.67 



•All escperimcnis were carried out ai an tniii:*! pH of 6.a Formate itnd 
b u toned >ol .^« re not delected. 

* Nisio (0.4 U mJ " *) was not added to the contrnl with FAD. FAD (2 ^ mV *) 
WAS not added to the control with nisin. 

. ' Overproduction of the heterologous fljOforming N/\DH oxida.se. 
^ ND, not detected. 



the fermented glucose, wiih acetate production rcmnintng at 
the same level. 



DISCUSSION 

The cloning of the S. mutatis nox-2 gene, coding for the 
n^O-forming (nontoxic) NADII oxida.se, under the control of 
Xhi: nisA promoter in L. lactis, provides a powerful tool with 
which to modulate metabolism in this microorganism. This 
engineered system allowed a fine tuning of NADH oxidase 
ovcrexpression in such a way that deliberate and controlled 
variations of the NADH oxidase activity could be obtained by 
the addition of nisin. These variations correlated with a grad- 
ual shift from homolaclic (noninduction) to mixed-acid fer- 
mentation (induction). The main effect of overproducing the 
NADII oxida.se was an observed decrease In the NADU/NAD 
ratio under aerobic conditions. This decrease could lead to 
high acetate production by the pyruvate dehydrogenase (PDH) 
activity, since this enzyme complex has been reported to be 
vciy sensitive to a high NADH/NAD ratio (23. 24). However 
acetate production was not affected by the level of NADH 
oxidase overproduction (Tables I and 2), indicating that flux 
through PDH was limited. This hmitation in the pyruvate me- 
tabolism correlates well with the previously reported poor 
PDH expression at high glycolytic flux (24). Nevertheless, we 
have shown that the magnitude of the shift towards mixed-acid 
fermentation was dependent on the level of NADH oxidase 
ovcrexpression. This result, together with the observed flux 
limitation through PDH, demonstrated thai the diminished 
flux through LDR as seen by the decrease in lactate pr^xJuc- 
tion, could only be provoked by the NADH oxidation catalyzed 
by the overproduced NADH oxidase. The pyTuvate excess cre- 
ated under these conditions was accommodated by the a-ALS 
This enzyme is known to efficiently convert pyruvate into 
a-acetolactate (and subsequently acetoin and diacetyl) even at 
an initial growth pll of 7.0, which is not optimal for its activity 
(24). At an initial pH of 6.0. the cytopla.smic pH of L. lactv; is 
known to be significantly lower (13) and closer to the optimum 
for a-AJLS activity, and therefore this enzyme could compete 
for pyruvate more effidently than at neutral pH, as shown by 
the higher acetoin and diacetyl production observed at pH 6.0 
(with lower NADH oxidase levels) compared to at pH 7.0 
(Tables 1 and 2). These results showed that a-AI^ behaved as 
a flexible branchpoint only under conditions leading to a pyru- 
vate excess, as would be predicted by its low affinity for pyru- 
vate (K„ = 50. mM) (24). 

Recently, it was proposed that the low NADH/NAD ratio 
genei^ated in vivo during diminished glycolytic flux played the 



prednrninant role in the observed shift from honiolactic to 
mixed-acid fermentation under anaerobic conditions (9). Ii 
was proposed that a strong inhibition of LOH was effected by 
this low ratio. However, under these conditions, pyruvate for- 
mate lyase (PR.) was operative because of the observed low 
concentrations of iriosc phosphate pools. Ii is feasible thai 
PFL, like PDH. is highly expressed at a low glycoI>iic flux. 
Therefore, PFL could play a very impt>rtant role in pyru\'aie 
flux redistribution under anaerobic conditions. Under aerobic 
conditions. PFI^ regulation, by the triose pho.sphaie pools, will 
play no role, since this enzyme is well known lo be completely 
inhibited by ox>»gen (14). This was evidenced by the absence of 
formate and ethanol production in the aerobic fermentations. 
Consequently, the metabolic effects of NADH oxidase over- 
production described here cannot be ascribed to a possible 
ififlucnce of PFL on p>Tiivale flux redisiributtpn. 
• Differences, in the effidency of the overexpression system^ 
were found to depend on thcf initial pH of the cultijres. At an 
initial growth pH of 6.0, smaller amoiints of nisin were re- 
quired to optimize NADH oxidase overproduction, but maxi-^ 
mum NADH oxidase activity was lowerthan that found at pll 
.7.0. These differences revealed a more efficient operation of 
the nisin-controlled ovcrexpression system at low pH, but also 
an earlier saturation than at neutral pll. Independent of the 
initial growth pH, the system reached a plateau after which 
there was a progressive decrease in NADII oxidase overpro- 
duction. This obseived shutoff rnechanism oould be a result of 
a physiological effect on the L. lactis cells by the higher nisin 
concentrations, although no decreases in growth rates were 
observed. Since nisin is more active at lower pt I, this physio- 
logical effect leading to shutoff would occur at lower concen- 
trations at pH 6.0 than at pH 7.O.. 

Addition of FAD to the medium incrca.sed the activity of the 
overproduced NADH oxidase. Consequently, lactate paxluc- 
tion was further decreased and even completely abolished. 
LDH activity was still found under these cond(tions> which 
further indicates that an efficient NADH oxidation was solely 
responsible for the abolished flux through LDH. The pyruvate, 
which accumulated because of the lack of NADH necessary for - 
reduction to lactate, was mainly rerouted towards acetoin and 
diacetyl production and not lo acetate. This, is again a dear 
indication that flux through PDH wais saturated ai. a high di- 
lution rate. . 

This study demonstrated that metabolic engineering on the 
level of oxidation of the key cofaclor NADH can change L, 
hctis from a homolactic bacterium to a highly" acetoin- or 
diacetyl-producing bacterium. The observed rerouting of me- 
tabolism towards acetoin ordiacety! production by engineering 
on the level of co fact or regeneration is clearly more effective 
than the previously described metabolic engineering strategies 
focused on changes in activity of the pyruvate -con verting en- 
zymes (2, 10, 22, 25). Optimization of activity of ihc overpro- 
duced NADH oxidase by addition of FAD under aen^ic 
growth conditions changed pyruvate metabolism in such a way 
that only two (PDH and a-AIi;) of the four (l.DH. PFL, PDI I, 
and u-ALS) possible enzymes converting pyruvate were oper- 
ative (Fig. 1). Metabolic engineering strategies directed to 
modulate key cofaciors such as NADH could be a more effec- 
tive way to manipulate metabolism than strategies involving 
the engineering of several branchpoints in the network. 
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